Abstract: Proper occlusion depends on the correct width ratio between upper and lower teeth, known as Bolton's ratio. In fact, this ratio can be calculated for each pair of teeth from the central incisor to the first permanent molar. This set of ratios, known as comprehensive cumulative percentage ratios (CPRs), can be used not only to determine which tooth or teeth have a tooth width discrepancy, but can also enable the partial graphical analysis of tooth width discrepancy when there is agenesis of certain permanent teeth. Although CPRs have been calculated for Caucasians, tooth width is known to vary depending on racial origin. Therefore, a test of differences between racial groups should be carried out. If these ratios of the Caucasians and Bangkokians are significantly different, the ratio of the Bangkokians is recommended. The objective of this study was to measure tooth size disproportion for Thai patients and to calculate a corresponding set of CPRs. Thirty-seven pairs of dental models were made from a group of Bangkok residents with normal occlusion. Mesiodistal tooth width was measured for each model. The intra-and inter-examiner measurement errors were ascertained as insignificant (p > 0.05). CPRs were then calculated and compared to those derived from other studies. Ten of thirteen CPRs were significantly different from corresponding values derived from Caucasians. We conclude that tooth width ratios vary between different racial groups, and therefore that these should be calculated specifically for each patient racial group.
Introduction
Proper intercuspation, overjet, overbite, and alignment, depends on the correct width ratio between pairs of maxillary and mandibular teeth. [1] [2] [3] Knowledge of the normal tooth width ratio can be used to guide treatment plans. For example, in the case of severe disproportion, as when there is a small upper lateral incisor, measurement of the tooth width ratio and comparison to normal values can reveal which tooth might require more esthetic dental work to achieve the optimum result.
Where there is agenesis of one or more teeth, the analysis of tooth size discrepancy becomes more challenging. There is thus a need to develop a method that is able to accurately identify which tooth should be removed to achieve maximum intercuspation. 4 Although some authors have ex-pressed the opinion that this quotient does not affect patient perception, 5, 6 orthodontists are nonetheless required to offer the perfect interdigitation for their patients.
Bolton's ratio is the most commonly used index of tooth width proportion. 1 It is calculated as the mean of the ratio of the six upper and lower teeth from the permanent central incisor to the first permanent molar. The posterior ratio and overall ratio are also used. Although each of these ratios has been studied extensively for a range of different racial [7] [8] [9] [10] and malocclusion groups, [11] [12] [13] [14] [15] [16] it is not clear whether their clinical application in these studies was appropriate. To clarify this issue, Tonn specifically analyzed the ratio of the upper and lower premolars. 17 Similarly, Bowles examined the ratio of the canines and premolars. 18 Ultimately, ratios have been established for each matching pair of upper and lower teeth. The most comprehensive listing of cumulative percentage ratios (CPRs) was published by Ho and Freer, who listed 13 CPRs that were categorized as six antimere ratios, five buccal segment ratios, and two additional ratios. 19 The definition of each CPR is listed in Table 1 .
Tooth width is strongly influenced by genetic factors, and is known to vary significantly among different genders and races. [20] [21] The population of Bangkok is composed of people with origins from each region of Thailand. Although the majority of Bangkokians are of Thai ethnic background, centuries of migration and invasion have resulted in a mixing in of many other ethnicities, as has subse- [22] [23] This circumstance might be expected to affect the normal range of tooth widths in this population. The aim of this study was to establish a complete set of comprehensive cumulative percentage ratios for Bangkokians, and to determine whether these should supplant the current criteria.
Materials and methods
Impressions were taken from a group of Bangkok residents with normal occlusion. The inclusion criteria for the study were: 1. full eruption of all permanent teeth, aside from the second and third molars; 2. normal occlusion, with Class I molar relationship; 3. normal alignment, with no crowding or spacing; 4. normal tooth size and shape; 5. normal overjet and overbite; 6. no fillings, or proximal fillings in good condition; and 7. the patient's signed written consent.
From 495 subjects evaluated, 37 met the criteria for selection. The average age of patients was 18.5 years, ranging from 11 to 30 years.
Since tooth size is known to vary among people of different ethnicities, the ethnic origin of each sample was recorded and is shown in Table 2 . The most numerous subgroup in the sample was Thai with a mixture of Chinese and Thai-Chinese. The ethnic backgrounds of all patients who reported their ethnicity to be Thai are shown in Table 3 .
The impressions were poured with stone and the bases were polished as dental models. Mitutoyo digimatic calipers were used to measure the mesiodistal width of each tooth to an accuracy of 0.01 mm (Mitutoyo Corporation, Kanagawa, Japan). The parameters for tooth width measurement were as described by Ho and Freer, 19 and are listed in Table 1 . Two dentists conducted tooth width measurement in parallel. All measurements were additionally reviewed by an orthodontist experienced in tooth width measurement (SM).
We also carried out a literature search to retrieve previous studies to whose results our values could be compared. Previous studies carried out on systematic tooth size discrepancy were reviewed. All studies conducted on Bangkok residents were also reviewed. The criteria included studies that were well documented and peer reviewed. Studies that were original, well known, and reported commonly used ratios and specific posterior ratios were included. Six studies met the criteria.
Results
The mean value of every CPR plus or minus 2 standard deviations is shown in Table 4 . To assess variability, each examiner made duplicate measurements on ten pairs of models. When the first and replicate measurements were compared using the paired t-test, no significant difference in the two sets of measurements were found for either examiner (p > 0.05). A similar comparison was made between the measurements made by 2 examiners on the same set of models, and again no significant difference in 19 We extended our comparison to a number of additional previous studies, comparing the sample size, mean, and standard deviation of the ratios reported by each one of them (Table 6) . 1, [17] [18] [19] 24, 25 Using the t-test, no significant difference was found between the overall ratios we calculated and those reported by other studies. Notably, although Dechkunakorn et al. studied a patient population from the same area as that of our patients, the anterior ratio they reported was significantly different from our result. However, no significant difference was found between the corresponding posterior ratios. 25 
Discussion
In this study, we have produced a comprehensive set of tooth width ratios for a group of Bangkok residents with normal occlusion.
Ho and Freer reported CPRs for all teeth required for a proper occlusion. 2, 19 This provided a valuable tool for the clinician, as it allowed the individual teeth responsible for malocclusion to be identified. Bolton proposed that tooth widths more than two standard deviations greater or smaller than the mean be considered out of range. 1 In accordance, we calculated these values for Bangkok residents (Table 4) .
We compared our results to previous studies both of Caucasian and Thai patients. The anterior ratio we derived differed significantly from that of all previous studies. The posterior ratio of this study was also statistically different from the posterior ratio of different ethnic groups. Even when the anterior ratios were compared with those found for a population of the same area nine years earlier, they were significantly different. Therefore, we suggest that clinicians use the new values we have reported here.
Although this study might be criticized for having a small sample size, we emphasize that we applied strict inclusion criteria to a patient pool that was initially much larger (from 495 subjects, only 37 with perfect occlusion were included). We note also that the comprehensive ratio is not the only factor that should be considered when teeth are re- 19 The results of this analysis are shown in Table 5 . With the exception quired to fit for perfect occlusion; the labio-lingual tooth thickness, inclination, and interincisal angle must also be included. 5, 6 These factors require verification to identify the priority of clinical relevance.
Conclusion
The maxillary and mandibular tooth width ratios have been shown to affect occlusal interdigitation. However, as these ratios were initially derived by Ho and Freer from Caucasian children, it is questionable whether they can be accurately applied to patients of other ethnic origin. Here, we have recalculated tooth width ratios for Bangkok residents with normal occlusion, and determined that the majority of CPRs are different from those derived from Caucasian samples, and from those derived from a similar patient population 9 years earlier. *value derived and calculated from this study, **p < 0.05, ***p < 0.01 Table 6 -Comparison of percentage of tooth width ratios between the present and previous studies.
